We use observations of the oxygen-17 excess (Δ 17 
collected in Alert, Canada are not consistent with O 3 as the dominant oxidant, and indicate that a S(IV) oxidant with near zero Δ
17
O values (O 2 ) is important during winter [McCabe et al., 2006] . We use a global chemical transport model to interpret quantitatively the Alert observations and assess the global importance of sulfate production by Fe(III) and Mn(II) catalyzed oxidation of S(IV) by O 2 . We scale anthropogenic and natural atmospheric metal concentrations to primary anthropogenic sulfate and dust concentrations, respectively. The solubility and oxidation state of these metals is determined by cloud liquid water content, source, and sunlight. By including metal catalyzed S(IV) oxidation, the model is consistent with the Δ 17 O magnitudes in the Alert data during winter. Globally, we find that this mechanism contributes 16% to sulfate production. Inclusion of metal catalyzed oxidation does not resolve model discrepancies with surface SO 2 and sulfate observations in Europe. Oxygen isotope measurements of sulfate aerosols collected near anthropogenic and dust sources of metals would help to verify the importance of this sulfur oxidation pathway. Sulfate is a major component of the atmospheric aerosol and drives the formation of new aerosol particles through nucleation. The implications for scattering of solar radiation and for cloud microphysics represent one of the largest uncertainties in current assessments of climate change [Solomon et al., 2007] . Sulfate is mainly produced within the atmosphere by oxidation of SO 2 , which is itself directly emitted (fossil fuel combustion, industrial processes, volcanoes) or produced within the atmosphere by oxidation of reduced sulfur species such as dimethyl sulfide (DMS) emitted by oceanic phytoplankton. The oxidation of SO 2 can take place in the gas phase [Stockwell et al., 1983] and in the aqueous phase [Schwartz, 1987] .
The primary oxidants for atmospheric oxidation of S(IV) on the global scale are aerosol number density and the population of cloud condensation nuclei (CCN) [Andronache et al., 1997; Kumala et al., 2000; Weber et al., 2001] . Sulfate produced in the aqueous phase is present in larger particles and does not lead to nucleation of new particles. Aqueous-phase sulfate formation involves dissolution of SO 2 followed by acid-base dissociation of SO 2 ·H 2 O to HSO 3 -(pK a1 =1.9) and SO 3 2-(pK a2 =7.2). We refer to total dissolved SO 2 as S(IV) 
S(IV) can also be oxidized in the aqueous phase by other oxidants including O 2 catalyzed by Fe(III) and Mn(II) [Hoffman et al., 1984] , NO 2 [Lee et al., 1983] , NO 3 [Feingold et al., 2002] , and HNO 4 [Dentener et al., 2002; Warneck, 1999] . These other oxidants are thought to be of little importance on a global scale, although they may be significant regionally. HOCl and HOBr have been proposed as potentially important S(IV) oxidants in the marine boundary layer [Vogt et al., 1996; von Glasow et al., 2002] , but there is so far no observational evidence.
A comparison of 11 large-scale atmospheric sulfate aerosol models (COSAM), found that models tend to predict surface level sulfate aerosol mixing ratios mostly within 20%
of observations, while surface SO 2 mixing ratios were over-predicted by factors of two or more . Suggested reasons for the large discrepancy in surface SO 2 concentrations include uncertainties in vertical mixing and emission height of SO 2 [deMeij et al., 2006] in source regions, and uncertainties in aqueous phase sulfate production rates Roelofs et al., 2001] . Large uncertainties also exist in the wet-scavenging of sulfur species [Rasch et al., 2000; Roelofs et al., 2001; Rotstayn et al., 2002] .
Comparisons of observations with global model results suggest that SO 2 oxidation is underestimated in winter source regions due to too little cloud or a missing oxidation mechanism Feichter et al., 1996; Kasibhatla et al., 1997] . Kasibhatla et al. [1997] found that the addition of a non-photochemical oxidation pathway for converting SO 2 to sulfate in the boundary layer with a pseudo first-order rate constant of 1-2 x 10 -6 s -1 provides the most reasonable method of bringing model SO 2 calculations into better agreement with North American (EMEFS) and European (EMEP)
measurements. Field studies in polluted environments in winter have suggested that aqueous-phase S(IV) oxidation by oxygen catalyzed by transition metal ions is the dominant sulfate formation pathway Jacob et al., 1989; Jacob and Hoffman, 1983] . The oxygen isotopic composition of sulfate aerosols reflects the differing oxidation pathways of secondary sulfate formation [Savarino et al., 2000] , and enable quantitative determination of the relative importance of different oxidation pathways leading to sulfate aerosol formation [Alexander et al., 2002; Alexander et al., 2005; McCabe et al., 2006; Savarino et al., 2003] O at or near 0‰ [Lyons, 2001; Thiemens, 1999] . OH and SO 2 have Δ 17 O = 0‰ throughout the troposphere due to isotopic exchange with water vapor [Dubey et al., 1997; Holt et al., 1981] , which erases any source-derived isotopic signature. [Janssen et al., 1999; Mauersberger et al., 1999] [Johnston et al., 1997; Krankowsky et al., 1995] [Savarino et al., 1999b] with an average of 1.7‰. The photochemical model calculations by [Lyons, 2001] quickly exchanges its oxygen atoms with abundant water vapor in the atmosphere, erasing any source signature in the oxygen isotopes [Holt et al., 1981] . SO 2 is then lost from the atmosphere through dry deposition at the surface or oxidation to sulfate. Due to the rapid exchange of the oxygen atoms of SO 2 with water vapor [Holt et al., 1981] , the Δ 17 O value of sulfate is dependent only on the oxidation pathway of SO 2 to sulfate [Savarino et al., 2000] .
We note that the lack of a source signature in the oxygen isotopic composition of sulfate depends on its formation from the oxidation of SO 2 . It is thought that the majority of sulfate formation originating from the oxidation of DMS proceeds via SO 2 ; however, the importance of DMS oxidation reactions in the aqueous-phase that can produce sulfate via another intermediate (e.g. methanesulfonate [Zhu et al., 2006] [Lee et al., 2002; Savarino et al., 2000] . Halogen S(IV) oxidation does not transfer the oxygen from the halogen, but rather promotes the hydrolysis of aqueous sulfate [Fogelman et al., 1989] 
Atmospheric iron (Fe) and manganese (Mn)
Atmospheric Fe and Mn have both anthropogenic (primarily coal combustion [Luo et al., 2008] ) and natural (mineral dust) sources, with the mineral dust source dominant globally [Salomons et al., 1984; Siefert et al., 1998 ]. Concentrations of Mn and Fe in the global atmosphere are highly variable in time and space, ranging from <1 ng m -3 to >1,000 ng m -3 in the northern hemisphere Kubilay et al., 1995; Liu et al., 2002; Sedwick et al., 2007] , with concentrations of Fe typically one order of magnitude greater than Mn [Baker et al., 2006; Hao et al., 2007; Sedwick et al., 2007] . Measurements of the soluble fraction of Fe in the atmosphere vary greatly, from <1% to 80% [Bonnet et al., 2004; Chen et al., 2003; Johansen et al., 2000; Siefert et al., 1998; Spokes et al., 1994] . Fractional solubility values on the low end are observed near dust source regions, with higher solubility in more remote or anthropogenic source regions [Baker et al., 2006; Desboeufs et al., 2005; Hand et al., 2004] . Although fractional Fe solubility as high as 80% has been reported , averaged values away from dust source regions are typically between 5-25% [Baker et al., 2006; Sedwick et al., 2007; Siefert et al., 1998 ]. For comparison, the median solubility of Fe in Saharan dust aerosol was measured to be 1.2% [Baker et al., 2006] . The solubility of Mn (25-100%) tends to be higher than Fe [Baker et al., 2006; Desboeufs et al., 2005; Deutsch et al., 1997; Hofmann et al., 1991; Siefert et al., 1998 ], with similar fractional solubility in dust, remote and anthropogenic source regions [Baker et al., 2006] . The solubility of both Fe and Mn have been shown to increase with decreasing pH [Guieu et al., 1994; Mackie et al., 2005] , and anthropogenic-derived metals are more soluble than metals from natural sources [Desboeufs et al., 2005] .
Laboratory experiments show that Fe solubility is a strong function of pH, with highest solubility seen under low pH conditions (pH = 2 -3) [Spokes et al., 1994] . Laboratory experiments that increased pH to simulate neutralization by ammonia and crustal Mn was irreversibly solubilized [Spokes et al., 1994] . [Siefert et al., 1998; Zhu et al., 1997] .
Mn is mainly present in atmospheric aqueous solutions in the Mn(II) and Mn(III) oxidation states [Berglund et al., 1993] . Thermodynamic calculations [Deutsch et al., 1997; Hofmann et al., 1991] indicate that Mn will exist in equilibrium totally as Mn ( [Berglund et al., 1993] .
Large uncertainty exists in the reaction rates of Fe(III) and Mn(II) catalyzed S(IV)
+ O 2 [Hoffman et al., 1984; Martin et al., 1987a] , and the reaction is thought to be inhibited by increasing ionic strength, the sulfate ion, various organics, and self-inhibited [Kotronarou et al., 1993; Martin et al., 1987a; Podkrajsek et al., 2006; Tursic et al., 2003; Zuo et al., 2005] . The presence of both Fe(III) and Mn(II) enhances the reaction rate synergistically, so that the overall reaction rate is greater than the sum of the individual rates [Berglund et al., 1993; Chughtai et al., 1993; Coichev et al., 1992; Grgic et al., 1992; Martin, 1984] . Studies of other transition metals such as copper [Graedel et al., 1981; Grgic et al., 1991] , cobalt [Bengtsson et al., 1975] and nickel [Graedel et al., 1981] have been performed; however, Fe and Mn are thought to be the most efficient transition metal catalysts for S(IV) oxidation [Berglund et al., 1993; Weschler et al., 1986; Yermakov et al., 1997] . 
GEOS-Chem model
We use the GEOS-Chem global 3-D model of coupled aerosol-oxidant chemistry [Park et al., 2004] to form SO 2 as described in [Park et al., 2004] with reaction rates from [DeMore et al., 1997] and yields of SO 2 and MSA from [Chatfield and Crutzen, 1991] . Aqueous-phase reactions of DMS are not included in the model. Sulfate formation from oxidation of SO 2 takes place in the gas-phase by OH, in alkaline sea-salt aerosols by O 3 , and in cloud droplets by H 2 O 2 , O 3 , and O 2 (metal catalyzed). Cloud liquid water content is calculated in each cloudy grid box using a temperature-dependent parameterization [Somerville et al., 1984] . The cloud volume fraction in each grid box is specified by an empirical function of the relative humidity [Sundqvist et al., 1989] . In-cloud oxidation of S(IV) To calculate the metal-catalyzed S(IV) oxidation chemistry in cloud water, we use the following rate expression [Martin and Good, 1991] : We use monthly mean oxidant (OH, O 3 , NO 3 ) concentration fields and H 2 O 2 production rates and photolysis frequencies to calculate oxidation of DMS, SO 2 and MSA, and total inorganic nitrate (HNO 3 (g) plus aerosol NO 3 -) concentrations from a coupled aerosol-oxidant simulation as described in [Park et al., 2004] . Total inorganic nitrate from the coupled aerosol-oxidant simulation is partitioned between the gas and particulate phases using the ISORROPIA thermodynamic equilibrium model (version 1.3) [Nenes et al., 1998 ]. Nitric acid (HNO 3 (g)) uptake competes with SO 2 uptake for available sea-salt alkalinity which is used to calculate pH dependent S(IV) + O 3 oxidation in sea-salt aerosols as described in [Alexander et al., 2005] .
The simulation of dust aerosol uses a combination of two dust mobilization schemes (GOCART and DEAD) as described in [Fairlie et al., 2007] , resulting in dust emissions and burden of 1689 Tg yr -1 and 25.8 Tg respectively. Wet deposition of aerosols is as described in [Liu et al., 2001] and includes contributions from scavenging in convective updrafts, rainout and washout from convective anvils and large-scale precipitation, and return to the atmosphere following re-evaporation. Dry deposition [Zhang et al., 2001 ] integrated over each model size bin and accounting for hygroscopic growth as a function of relative humidity [Gerber,1985] . Dry deposition velocities for all other species are computed with a standard resistance-inseries scheme based on [Weseley, 1989] as described in [Wang et al., 1998 ].
Model simulation of atmospheric iron (Fe) and manganese (Mn)
Since Mn and Fe emissions and concentrations are not directly simulated in the model, we scale their atmospheric concentrations to mineral dust and primary sulfate.
We scale soil-derived Fe ([Fe] soil ) to modeled dust concentrations, assuming Fe represents 3.5% of total dust mass based on average Fe content of the Earth's crust [Taylor et al., 1985] . Soil-derived Mn ([Mn] soil ) is scaled as a factor of 50 lower than
[Fe] soil based on observations of atmospheric mineral dust particles [Desboeufs et al., 2005; Martin, 1984; Taylor et al., 1985] . sources [Bond et al., 2004] . Since the goal of their paper was to assess whether combustion sources of iron are potentially important, they used high end estimates of industrial Fe emission factors. Coal combustion dominated the industrial source of iron (>75%) which is concentrated in East Asia, Europe and the east coast of North America.
The biomass burning source was estimated based on observed ratios of iron to black carbon in the Amazon [Fuzzi et al., 2007] and is concentrated in tropical regions. [Bopp et al., 2003; Fung et al., 2000] and [Wu et al., 2002] Measurements of soluble Mn in fog and rainwater at sites on the east and west coasts of the U.S. and in Germany range from ~0.0002 -0.2 μM [Deutsch et al., 1997; Hofmann et al., 1991; Siefert et al., 1998 ]. Soluble Fe concentrations in rainwater from Germany were ~0.5 μM [Hofmann et al., 1991] Unfortunately, very few speciated measurements are available, and such measurements are uncertain due in part to the difficulties associated with isolating the species of interest from complex matrices, and that most of the speciation techniques available disturb the equilibria existing between various chemical species [Pickering, 1996] .
Model evaluation of metal catalyzed S(IV) oxidation in Alert, Canada
Figure 4 in summer. The strong seasonality of aerosol concentrations in the Arctic is due to the intensification of meridional transport from the mid-latitudes during winter and spring [Iversen et al., 1985; Quinn et al., 2007] . In addition, stable thermal stratification in the This is significantly higher than the 10-18% estimated by McCabe et al. [2006] . Their estimate is biased low because they are comparing their measurements with global model results [Feichter et al., 1996] averaged north of 40ºN latitude, which will underestimate the relative contribution of ozone as a S(IV) oxidant locally at Alert. Summertime fractions are low (<10%). Table 2 shows the global atmospheric burden (Tg S), lifetime (days), and loss frequency (day -1 ) of SO 2 and sulfate for the model simulations with and without metal catalyzed S(IV) + O 2 chemistry, along with the importance of each sulfate production pathway (Tg S yr -1 ). Metal catalyzed oxidation of S(IV) decreases the SO 2 burden by 17% globally by increasing aqueous-phase oxidation and thus decreasing its lifetime. Incloud oxidation by H 2 O 2 dominates atmospheric sulfate production in both simulations.
Impacts on the global sulfur budget
Metal catalyzed S(IV) oxidation accounts for 15% of total sulfate production globally, comparable in magnitude to gas-phase sulfate production by OH (16%). Total in-cloud sulfate production increases by 4%, to account for 65% of total sulfate production. The global atmospheric sulfate burden increases by 23% globally due to increased in-cloud oxidation of SO 2 . Figure 5 shows the annual mean fraction of total sulfate at the surface formed through metal catalyzed oxidation. Sulfate formed through metal catalysis represents up to 45% of total sulfate on an annual mean basis, with the highest fraction over the polluted industrial regions of northern Eurasia. Sulfate formed through metal catalyzed oxidation accounts for ~25% of total sulfate downwind of the Sahara desert. Metal catalysis chemistry is important in higher latitudes due to the decreased importance of photochemical reactions in winter compared to lower latitudes. overestimates SO 2 by a factor of 1.9 -3.0, with a maximum overestimate during spring.
The simulation with metal catalysis chemistry has a slightly smaller overestimate of SO 2 over all seasons (factor of 1.8 -2.7 with maximum during spring). Sulfate concentrations for the simulation with no metal catalysis chemistry are within 20% of the observations, similar to models in COSAM . The simulation with metal catalysis chemistry overestimates sulfate observations (from 50% to a factor o 3.7)
in all seasons but summer, with the maximum overestimate during winter.
As mentioned above, Kasibhatla et al. [1997] found that the addition of a nonphotochemical oxidation pathway for converting SO 2 to sulfate in the boundary layer with a pseudo (spatially and temporally constant) first-order rate constant of 1-2 x 10 -6 s anthropogenic source regions during winter, the inclusion of metal catalysis chemistry does not fully reconcile the discrepancy with European SO 2 concentration measurements.
Conclusions
It has been known for several decades that the transition metals Fe(III) and Mn(II) catalyze the oxidation of S(IV) to sulfate by O 2 . However, this chemistry is usually omitted in global atmospheric chemistry models due to the large uncertainties in atmospheric dissolved Fe(III) and Mn(II) concentrations deMeij et al., 2006] , and to wet scavenging efficiencies [Rasch et al., 2000; Roelofs et al., 2001; Rotstayn et al., 2002] . Uncertainties in these processes may be the main source of the discrepancy between modeled and observed SO 2 . Although oxygen isotopic evidence indicates that metal catalyzed S(IV) oxidation represents a substantial (up to 45% annual mean) fraction of sulfate in the northern hemisphere mid-to-high latitudes, it does not reconcile the discrepancies with surface SO 2 and sulfate concentration measurements in this region.
Emissions of Fe and Mn, as well as their dissolution rate and oxidation state, are highly uncertain. Improved understanding of the factors influencing the dissolution and [Bauer et al., 2005; Usher et al., 2003] or oxidation by halogens [Vogt et al., 1996] , would further decrease global atmospheric SO 2 concentrations, and can be similarly quantified using Δ 17 O measurements. We note that the largest discrepancy between measured (EMEP) and modeled SO 2 concentrations occurs in the springtime when the aforementioned S(IV) oxidation pathways may be most important.
Arctic ice-core sulfate Δ 17 O measurements from Greenland extending through the last ~300 years show values in the range of 0.7 -3.3‰ [Alexander et al., 2004] . The recent (past ~100 years) decreasing trend in sulfate Δ
17
O from this ice core can at least partially be explained by the increasing importance of the metal catalyzed S(IV) oxidation pathway due to anthropogenic Mn and Fe emissions. Interpretation of these ice-core data with a global 3D paleoclimate model could provide important new information on past trends and anthropogenic impacts on sulfur and oxidant budgets. 
